Summary: In the present study, transcriptional and post-translational effects of culturing time and prototypical cytochrome P450 3A (CYP3A) inducers on principal nuclear receptors (NRs), CYP2B22, 2C and 3A were investigated in long-term stored (³10 years) cryopreserved pig hepatocytes (CPHs). In the time-course study, a crush and rise effect was observed for pregnane X receptor (NR1I2) and constitutive androstane receptor (NR1I3) mRNAs, while a time-dependent increase of retinoid X receptor alpha (NR2B1) was noticed. Cytochrome P450 gene expression profiles were down-regulated as a function of time. In the induction study, an increase of NR1I2, NR1I3 and NR2B1 mRNAs was observed in dexamethasone-exposed CPHs. About CYPs, an overall up-regulation was seen in CPHs exposed to phenobarbital, while dexamethasone and rifampicin up-regulated only CYP3A. In both studies, transcriptional CYP results were confirmed at the post-translational level (immunoblotting and enzyme activities), except for CYP2B immunoblotting in the induction study. The present data demonstrate that long-term stored CPHs may be used to investigate mechanisms involved in CYPs regulation, expression and function; provide further info about NR regulation of CYPs, and confirm species-differences in these mechanisms of regulation; finally, they suggest the usefulness and relevance of gene expression profiling to early detect any modulation of CYP expression and bioactivity.
Introduction
Cryopreservation represents the best method for the longterm storage, in high amounts, of functional primary cells.
1¥
The rat represents the species most commonly used for cryopreservation experiments, but humans and monkeys have been used, too.
2,3¥ Nonetheless, the best donor of liver cells for cryopreservation and bioreactors is the pig, owing to the large amount of cells achievable ¤if compared to rodent species¥ and the poor availability of human liver tissue. 4¥ Oxidative and conjugative drug metabolizing enzyme ¤DME¥ activities have been characterized in fresh and cryopreserved primary pig hepatocytes ¤CPHs¥. If compared to rodent and dog hepatocytes, CPHs better reproduce the human cytochrome P450 ¤CYP¥-dependent oxidative drug metabolism, 5, 6¥ although it has been recently demonstrated that porcine hepatocytes may not be suitable in clinical liver support or xenotransplantation, because of significant species-differences in CYP gene regulation and bioactivity.
7,8¥
Despite this, porcine hepatocytes are still considered a valuable non-rodent, non-primate, non-dog bioassay for pharmaco-and toxicological studies, useful to avoid or decrease the number of experimental animals. 6,9,10¥ Previous studies showed that isolated hepatocytes, successfully cryopreserved and carefully stored in liquid nitrogen, maintain their liver specific functions up to four years 11,12¥ ; on the other hand, a reduced metabolic capacity, essentially attributable to the use of energy to restore membrane and intracellular environment, was observed. 3¥ At present, few data about the effect of cryopreservation, time of culture and prototypical inducers upon porcine hepatocyte DMEs have been published; moreover, most of them refer to post-translational changes 1,13¥ or to mRNA levels measured by using semiquantitative methods, i.e., northern and/or dot blot PCR.
14®16¥ Furthermore, no data about NR constitutive gene expression and modulation have been reported so far.
The aim of the present work was to investigate, in CPHs stored up to ten years in liquid nitrogen, the transcriptional effects of time and prototypical CYP3A inducers upon CYP2B22, 2C and 3A as well as on NRs mostly involved in DME regulation, in particular, the pregnane X receptor ¤PXR or nuclear receptor subfamily 1, group I, member 2 ªNR1I2«, according to the HUGO Gene Nomenclature Committee¥, the constitutive androstan receptor ¤CAR, NR1I3¥, the retinoid X receptor AE ¤RXRAE, NR2B1¥, and the glucocorticoid receptor AE ¤GRAE, NR3C1¥. Thus, mRNA levels of the abovementioned genes were measured, by using a quantitative Real Time RT-PCR ¤qPCR¥ approach, 24, 48, 72 and 96 h after seeding as well as following the exposure ¤96 h¥ to phenobarbital ¤PB¥, pregnenolone 16AE-carbonitrile ¤PCN¥, dexamethasone ¤DEX¥ and rifampicin ¤RIF¥. Posttranslational investigations ¤immunoblotting and catalytic activity¥ were also executed to confirm CYP transcriptional results.
Methods

Chemicals and reagents:
Cryopreserved pig hepatocytes were provided by Circe Biomedical Inc. ¤Lexington, MA¥. Collagen type I from rat tail, RPMI-1640 and Williamsö E medium ¤WEM¥, fetal calf serum ¤FCS¥, NaH 2 PO 4 , Na 2 HPO 4 , NaHCO 3 , CaCl 2 , MgCl 2 , penicillin G potassium salt, streptomycin sulfate salt, Lglutamine, glucagon, DEX, PB sodium salt, PCN, dimethyl sulfoxide ¤DMSO¥, trypan blue, pyruvic acid and Ç-nicotinamide adenine dinucleotide phosphate reduced form, dipotassium salt, were obtained from Sigma-Aldrich ¤St. Thawing, viability and seeding of CPHs: Cryopreserved pig hepatocytes, stored in liquid nitrogen for about 10 years, were thawed in a 37ôC water bath. The content of each bag was placed in tubes and mixed ¤1:5, v/v¥ with WEM supplemented with 10% FCS, 8.4% NaHCO 3 , CaCl 2 and MgCl 2 ¤0.5 M¥, penicillin/streptomycin solution ¤6.329%/1%¥, L-glutamine ¤2 mM¥, glucagon ¤140 µg/mL¥ and insulin ¤100 U/mL¥. Cells were centrifuged at low speed to remove DMSO and suspended in supplemented WEM. The post-thaw viability was determined by the trypan blue exclusion test. Hepatocytes were seeded at a density of 1.5 ' 10 6 cells/mL ¤6 mL/dish¥ onto collagen-coated ¤150 µL¥ plastic culture dishes ¤100-mm diameter¥, which had been previously re-hydrated ¤twice¥ with RPMI medium. Thereafter, cells were placed in a humidified incubator at 37ôC with a 95%/5% mixture of air/CO 2 ; the medium was changed for the first time after 4 h of incubation and, then, every 24 h. Cell morphology was observed ¤light microscope¥ during all the experiments.
Cell culture treatment and harvesting: Three freezing bags were used to perform three independent cell cultures.
Time-dependent changes in NR and CYP gene expression and bioactivity were investigated after 24, 48, 72 and 96 h of incubation. With regards to CPH responsiveness to prototypical CYP3A inducers, 24 h after plating, the medium was replaced by supplemented WEM containing PB ¤2 mM final concentration¥, PCN ¤10 µM¥, RIF ¤10 µM¥ or DEX ¤10 µM¥. Inducers were dissolved in DMSO, except for PB ¤in water¥. The final DMSO concentration was 0.1% ¤v/v¥. Control CPHs were incubated with medium containing only DMSO and supplemental WEM.
The cytotoxicity was measured by using a LDH leakage colorimetric enzymatic assay as an end point; the standard curve was prepared by using L-LDH standards from the hog muscle, and the released LDH activity was calculated as Units/liter/10 6 cells ¤U/L/10 6 cells¥. Hepatocytes were harvested either at 24, 48, 72 and 96 h ¤time-course study¥ or 96 h ¤induction study¥ after seeding. The medium was aspirated, and the monolayer was washed twice with 2 mL of ice-cold phosphate-buffered saline ¤PBS 0.1 M, pH 7.4¥ and scraped off. Cells were pelleted and suspended either in 1 mL of TRIzol ¬ for RNA extraction or 4 mL of PBS to obtain the subcellular fractions, and finally stored at %80ôC until use. For each cell culture, four biological replicates were considered for gene expression analysis, and two for immunoblotting and catalytic activity investigations.
Total RNA extraction, cDNA synthesis and qPCR: Total RNA was isolated by using the TRIzol ¬ reagent according to the manufacturerös instructions. The nucleic acid concentration and quality were determined as reported by Lopparelli et al. 17¥ The reverse transcription ¤2 µg of total RNA in a final volume of 20 µL¥ was performed by using the High Capacity cDNA Reverse Transcription Kit ¤Foster City, CA¥, random primers and following the purchasersö procedures.
Sus scrofa coding sequences of target genes were obtained from the GenBank web site ªhttp://ncbi.nlm.nih.gov/«. Primer oligonucleotide sequences are listed in Table 1 . Ç-Actin ¤ACTB¥, glyceraldehyde-3-phosphate dehydrogenase ¤GAPDH¥, CYP2B22, CYP2C and CYP3A primer pairs were designed ex novo by using Primer 3 Software ªhttp:// frodo.wi.mit.edu/primer3/«. As regards CYP2C and CYP3A, highly conserved sequence regions were taken into account to obtain a qPCR assay not isoform-specific. To help in the selection of the most stable internal control gene ¤ICG¥, three additional reference target genes, namely the peptidylprolylil isomerase A ¤PPIA¥, the ribosomal protein, large P0 ¤RPLP0¥ 18¥ and the 18S ribosomal RNA ¤18S¥ were included among the candidate genes. These had already been used in cattle ¤Zancanella, personal data¥. geNorm PLUS ªhttp://www.biogazelle.com/mybiogazelle/« and NormFinder version 0.953 ªhttp://www.mdl.dk/ publicationsnormfinder.htm« algorithms were chosen to identify the best ICGs.
For each qPCR assay, a strict validation process was performed as previously reported in Lopparelli et al.
19¥
The qPCR was performed on 2.5 µL of 100-fold diluted cDNA ¤in a final volume of 10 µL¥ by using, under standard qPCR conditions, the Power SYBR ¬ Green PCR Master Mix and Stratagene Mx3000P thermal cycler ¤Agilent technologies, Santa Clara, CA¥. The ¼¼ threshold cycle ¤¼¼C t ¥ method was used to analyze data. 20¥ Results were expressed as n-fold change, that is, normalized to the ¼¼C t mean value of controls. These latter were represented by cells cultivated for 24 h ¤time-course¥ and DMSO-exposed cells ¤induction¥, to which arbitrary values of 100.00 and 1.00 were assigned, respectively.
Preparation of microsomal subcellular fractions: Microsomes were isolated by differential centrifugation 21¥ and stored at %80ôC until analysis. The microsomal protein Primers pair, melting temperature ¤Tm¥, percentage of GC ¤%GC¥, amplicon length and GenBank accession number for qPCR assays.
content was determined by using the Qubit ¬ Fluorometer and Quant-iT ¬ Protein Assay Kit. Cytochromes P450 2B22, 2C and 3A immunoblotting:
Microsomal proteins ¤30 µg¥ were separated on NuPAGE ¬ Novex ¬ 4®12% Bis-Tris Gels by using the XCell SureLock Mini-Cell electrophoresis system ¤Invitrogen¥. Proteins were transferred onto nitrocellulose filters through the iBlot Dry Blotting System ¤consisting in the iBlot Gel Transfer Device and iBlot Gel Transfer Stack, Nitrocellulose, Mini¥. Membranes were firstly incubated with rabbit anti-human CYP2B6 ¤1:1,000 final dilution¥, CYP2C8/9/19 ¤1:7,500¥ and CYP3A4 ¤1:1,500¥ polyclonal antibodies and, then, with peroxidase-conjugated donkey anti-rabbit IgGs ¤1:6,000 for CYP2B6 and CYP3A4, 1:10,000 for CYP2C8/9/19¥. Peroxide conjugates were detected by using a chemiluminescence kit and according to the manufacturerös instructions. A positive control sample ¤liver microsomal proteins from a rat induced with PB¥ and a molecular marker were present on each minigel. Immunopositive bands were captured by the Photo Studio 5 version 5.0.0.53 software for the Canon CanoScan Lide 20 scanner ¤LED indirect exposure¥, and their optical density analyzed by the ImageJ 1.44p image analysis software.
Cytochrome P450 2B-and 3A-dependent catalytic activities: Pooled microsomal samples obtained from the three cultures were used to measure CYP2B-and CYP3A-dependent catalytic activities, according to Nebbia et al. 22¥ and by using model substrates, namely the O-dealkylation of benzyloxyresorufin ¤BROD, CYP2B¥ and the N-demethylation of ethylmorphine ¤ETDEM, CYP3A¥. The cytochrome P450 2C catalytic activity was not determined, owing to the low amount of available proteins.
Statistical analysis: Data for each target gene were expressed as the arithmetic mean + standard deviation ¤S.D.¥ of ¼¼C t values expressed as n-fold changes. The presence of statistically significant differences in gene and protein expression were checked through the analysis of variance ¤ANOVA¥, followed by Tukeyös post test ¤GraphPad InStat 3, San Diego, CA¥. A p value g0.05 was considered statistically significant.
Results
Cryopreserved hepatocytes viability and morphology: The mean number of CPHs was 1.5 ' 10 9 cells/bag, and the mean viability of cell suspensions after thawing ¤trypan blue dye exclusion test¥ was 77.3 + 3.8%. Four hours after seeding, most of the hepatocytes showed a polygonal shape, while unadherent and/or damaged cells maintained a spherical figure and were removed with medium renewal. Between 24 and 96 h, monolayers displayed the útypicalû hepatocyte phenotype: polygonal feature, presence of distinct cell-cell borders and bile canaliculuslike structure. Cells covered the entire dish surface, with minimal morphological abnormalities. Chosen primers gave rise to specific amplification products. For each qPCR assay, primer concentrations were optimized and PCR efficiency ¤E¥ and linearity were tested. Only PCR with E ¤%¥ comprising between 90% and 110% and high linearity ¤linear regression coefficient 0.98 : r : 1¥ were considered as acceptable ¤see Table 2¥ .
Five reference genes ¤ACTB, GAPDH, PPIA, RPLP0 and 18S¥ were screened to identify the best ICG for qPCR data normalization. One of them ¤18S¥ was excluded from further analysis as a consequence of its high constitutive expression ¤raw C t value of about 12¥, while the other ones ¤C t values comprising between 17 and 23¥ were considered good enough, also because they did not show time-or treatment-dependent significant variations in their expression profile. Their amplification data were then submitted to geNorm PLUS and NormFinder algorithms. In the time-course study, NormFinder indicated RPLP0 as the best ICG, but recommended the use of a combination of two genes ¤RPLP0 and PPIA: see Table 3¥ . The results of geNorm PLUS analysis revealed PPIA as the most stable gene and the candidate ICG with the lowest average expression stability value ¤M value¥; moreover, the use of a combination of three ICGs ¤PPIA, RPLP0 and GAPDH¥ was suggested ¤see Table 4¥ . As far as the induction study is concerned, NormFinder identified ACTB as the most stable gene, and its association with RPLP0 the best combination to normalize qPCR data ¤Table 3¥. By contrast, the best reference gene identified by geNorm PLUS was RPLP0; moreover, geNorm PLUS itself was unable to determine the optimal number of ICGs to be used, for the high pairwise variation values between two sequential normalization factors containing one more gene. Whenever such evidence occurs, it is recommended to use the n-1 reference targets with the lowest M value ¤in this case, RPLP0, PPIA and ACTB: see Table 4¥ . Taking these results as a whole, the geometric mean of PPIA, RPLP0 and GAPDH was used to normalize data from the time-course study, while that obtained from RPLP0, PPIA and ACTB was used for the normalization of data obtained with the induction study.
Effects of culturing time and prototypical CYP3A inducers on NR mRNA levels: In the time-course study, a decrease of NR1I2 gene expression was observed 48 ¤p g 0.001¥, 72 ¤p g 0.01¥, and 96 h ¤p g 0.01¥ after seeding ¤see Fig. 1a¥ ; on the other hand an increase ¤p g 0.01¥, with respect to 48 h data, was noticed at 96 h. The same behavior ¤a moderate decrease at 48 h followed by an increase at 72 and 96 h¥ was shown by NR1I3. By contrast, NR2B1 and NR3C1 showed a different pattern of gene expression ¤a trend to up-regulation¥, reaching the level of statistical significance at 96 h ¤p g 0.01 vs 24 and 48 h¥.
In the induction study, only DEX was shown to upregulate NR1I2 ¤p g 0.05 vs DMSO, PB, and RIF¥, NR1I3 ¤p g 0.001 vs DMSO, PB, PCN, and RIF¥ and NR2B1 ¤p g 0.05 vs DMSO and RIF; see Fig. 1b¥ .
Effects of culturing time and prototypical CYP3A inducers upon CYP2B22, 2C and 3A mRNA levels and apoprotein contents: In the time-course study, all CYP genes were down-regulated to varying extents ¤from Fig. 1 . Effects of culturing time and prototypical CYP3A inducers on NR gene expression Total RNA was isolated from CPH monolayers and target NR mRNA levels were measured by using a qPCR approach. In the timecourse study (a), data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the ¦¦C t mean value of cells stopped at 24 h, to which an arbitrary value of 100.00 was assigned. In the induction study (b), data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the DMSO ¦¦C t mean value, to which an arbitrary value of 1.00 was assigned. aaa : significant differences (p g 0.01) 24 h vs 48 h. bb : significant differences (p g 0.01) 24 h vs 72 h. In the induction study, no differences in mRNA of target genes were ever noticed between cells incubated with DMSO or medium alone ¤data not shown¥. On the other hand, a common trend to transcriptional up-regulation ¤if compared with DMSO¥ was observed in CPHs exposed to chosen CYP3A inducers, except for PCN ¤see Fig. 3a¥ . Phenobarbital increased all CYP mRNA levels ¤p g 0.05, p g 0.001 and p g 0.01 for CYP2B22, 2C and CYP3A, respectively¥, while DEX and RIF up-regulated only CYP3A ¤p g 0.05¥. Immunoblotting data largely confirmed transcriptional results: phenobarbital, DEX and RIF increased CYP3A apoprotein ¤p g 0.001: see Figs. 3b and 3c¥, while no differences were ever found in cells exposed to PCN. In contrast, PB did not affect CYP2B protein expression, while RIF prompted a significant increase of CYP2C apoprotein ¤p g 0.05¥.
Similar to the time-course study, BROD and ETDEM catalytic activities confirmed CYP2B and 3A immunoblotting results ¤see Table 5B¥ .
Discussion
Cryopreserved pig hepatocytes are considered as an alternative to human and rodent hepatocytes for enzyme induction, enzyme inhibition and drug-drug interaction studies. Moreover, owing to their metabolic similarities with the human species, CPHs are thought of as suitable cells for bioartificial liver devices, useful to temporarily support the xenobiotic detoxification pathways in the living organism.
5,23¥ Human cryopreserved hepatocytes, when appropriately frozen and stored in liquid nitrogen, may stay viable for a long time ¤up to 4 years or even more¥ without losing hepato-specific functions.
11,12¥ Among these there is the potential to respond to CYP inducers in the same way as Fig. 2 . Effects of culturing time on CYP2B22, CYP2C and CYP3A mRNA levels and apoprotein content Target CYP mRNA levels (a) were measured by using a qPCR approach, and data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the ¦¦C t mean value of cells stopped at 24 h, to which an arbitrary value of 100.00 was assigned. Target CYP apoprotein amounts (b) were measured by immunoblotting, and integrated density data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the integrated density mean value of cells stopped at 24 h, to which an arbitrary value of 100.00 was assigned. In (c), a representative CYP2B22, 2C and 3A immunoblotting is reported.
aaa : significant differences (p g 0.01) 24 h vs 48 h. b,bbb : significant differences (p g 0.01) 24 h vs 72 h. c,cc,ccc : significant differences (p g 0.05, 0.01) 24 h vs 96 h. d : significant differences (p g 0.05) 72 h vs 96 h. to fresh hepatocytes. 1¥ Therefore, the transcriptional effects of culturing time and prototypical CYP3A inducers upon CYP2B22, 2C and 3A as well as on NRs involved in the regulation of DMEs were here investigated in CPHs stored up to ten years in liquid nitrogen.
Long-term CPHs were successfully thawed and cultured, with a mean percentage of viability after thawing of about 77%. Nevertheless, the amount of LDH released in cell medium, particularly 24 and 48 h after seeding in the timecourse study, was higher if compared to some previously published values.
24,25¥ Although the trypan blue dye exclusion test is a subjective and arbitrary assay, often leading to an overestimation of cell viability, 26¥ the present results were not astonishing at all. Human and rat cryopreserved hepatocytes show a very poor plating efficiency compared to freshly isolated cells ¤about 15®20%¥, 27¥ and such an effect is not immediately observable after thawing, being probably due to cells that initially adhere to the culture dish but later detach; 28¥ in another study, only 28% of viable long-term human cryopreserved hepatocytes attached to collagencoated dishes within the first 24 h of culture 12¥ ; finally, an early high LDH release followed, after three days of culture, by recovery was observed in a comparative study made in CPHs and freshly isolated hepatocytes.
25¥
During the culturing process, hepatocytes adapt themselves to a new environment through the differential expression of genes involved in the maintenance of cellular functions ¤i.e., the glutathione status¥, the sugar metabolism and the production of the extracellular matrix. 29¥ Moreover, in the induction study, cells were exposed to molecules known to up-regulate the transcription of more than a few genes, besides DMEs and NRs. Therefore, a careful evaluation of the best ICG to be used in both studies was undertaken, to avoid mistakes in the normalization of qPCR data. First of all, five candidate ICGs ¤ACTB, GAPDH, RPLP0, PPIA and 18S¥, frequently used for the normalization in liver and in vitro gene expression studies 30,31¥ were chosen; then, geNorm PLUS 32¥ and NormFinder 33¥ free algorithms were used for the identification of the best ICGs.
In the time-course study, both algorithms identified ACTB as the least stable gene, followed by GAPDH, PPIA or RPLP0. These results agreed with previously published findings. In fact, primary rat hepatocytes showed a timedependent up-regulation of genes involved in cytoskeleton and extracellular matrix modifications ¤ACTB¥ as well as in sugar metabolism ¤GAPDH 29¥ ¥; furthermore, mRNA levels of the two aforementioned genes and PPIA were altered under different conditions, such as hypoxia or exposure to insulin, DEX and mitogens. 34¥ Nevertheless, in the present experimental conditions PPIA, RPLP0 and GADPH gene expression profiles did not show significant changes between 24 and 96 h of culture, and were then chosen to normalize time-course qPCR data.
In the induction study, NormFinder indicated GAPDH as the least stable gene, followed by PPIA, RPLP0 and Fig. 3 . Effects of prototypical CYP3A inducers on CYP2B22, CYP2C and CYP3A mRNA and apoprotein content Target CYP mRNA levels (a) were measured by using a qPCR approach, and data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the DMSO ¦¦C t mean value, to which an arbitrary value of 1.00 was assigned. Target CYP apoprotein amounts (b) were measured by immunoblotting, and integrated density data (arithmetic means + S.D.) are expressed as n-fold change (a.u.) normalized to the DMSO integrated density mean value, to which an arbitrary value of 100.00 was assigned. In (c), a representative CYP2B22, 2C and 3A immunoblotting is reported.
a,aa,aaa : significant differences (p g 0.05, 0.01, 0.001) DMSO vs PB. b,bbb : significant differences (p g 0.05, 0.001) DMSO vs DEX. c,ccc : significant differences (p g 0.05, 0.01) DMSO vs RIF. d,dd,ddd : significant differences (p g 0.05, 0.01, 0.001) PB vs PCN. e,ee : significant differences (p g 0.05, 0.01) PB vs DEX.
f : significant differences (p g 0.05) PB vs RIF. g,ggg : significant differences (p g 0.05, 0.01) PCN vs DEX.
h,hhh : significant differences (p g 0.05, 0.01) PCN vs RIF.
ACTB; the stability ranking, assessed by geNorm PLUS , was ACTB h PPIA h RPLP0. On a knowledge basis, ACTB has been considered as a suitable ICG as it was not modulated by RIF, DEX or omeprazole in either primary human or rat hepatocytes. 35¥ Therefore, and taking into account the present data, PPIA, RPLP0, and ACTB were considered as the most stable genes for the normalization of qPCR data from the induction study.
To date, no information about NR gene expression in CPHs are available. Two of them, namely NR1I3 and NR1I2, play a crucial role in the regulation of several endogenous or exogenous compounds. Furthermore, they share significant cross-talk in target gene recognition, through the binding to similar xenobiotic responsive elements. Among these genes there are human CYP2B6, CYP2C9, and CYP3A4.
36,37¥
In the time-course study, NR1I2 and NR1I3 mRNA levels were decreased to varying extents from 24 h onward. This finding agrees with data obtained in human hepatocytes, in which lower NR1I3 mRNA levels were noticed after 120 h of culture. 38¥ Furthermore, this trend was consistent with that observed for target CYPs. By contrast, NR2B1 and NR3C1 gene expression was not affected by the whole culture time; whatös more, NR2B1 mRNA was significantly up-regulated at 96 h. With regards to NR2B1, its involvement in liver regeneration has been recently hypothesized; in fact, its deficiency leads to a delay in hepatocyte proliferation, altered growth factor-mediated signaling pathways and an impaired cell cycle progression. 39¥ Thus, the present NR2B1 up-regulation might be viewed as a compensatory phenomenon activated following the comparatively higher relevance of cell death occurring in CPHs after thawing.
The constitutive expression and bioactivity of DMEs, and CYPs above all, is a fundamental prerequisite for the use of an in vitro model in drug metabolism studies. 40¥ Cytochrome P450 genes were still present in CPHs after ten years of cryopreservation, but their mRNAs were markedly reduced after seeding. In this respect, an early lessening of total CYP expression ¤mRNA and protein¥ has been well documented in rodent and human hepatocytes.
41,42¥ More controversial is whether such a decrease might be CYP isoform specific or not.
41,43¥ A crash and rise effect was here observed for CYP2B22 and 3A, as previously demonstrated in rat primary hepatocytes. 41¥ Although the CYP2C gene did not show the same behavior, such an effect might be explained by the need of cells to recover from thawing stress, establish the monolayer and adapt themselves to the culture environment. Protein and catalytic activity analysis substantiated transcriptional data, even though they appeared to be less sensitive to detect early CYP down-regulation. Thatös the reason why in recent CYP induction studies it has been suggested to measure mRNA levels, for its greater sensitivity and dynamic range.
44¥
Most CYP inducers ¤including those here used¥ are ligands of NRs, and their binding with these transcription factors ¤in the cytosol¥ usually constitutes the first step of the induction process; the ligand-receptor complex is then transferred to the nucleus, where it may heterodimerize or not with NR2B1 and, next, interact with specific DNA responsive elements ¤i.e., the glucocorticoid responsive elements¥, whose effect is an increased synthesis of mRNAs coding for target proteins ¤i.e., CYPs 45¥ ¥. In CPHs, only DEX significantly increased NR mRNA levels ¤NR1I3 g NR1I2®NR2B1¥. Quite surprisingly, it did not affect NR3C1 gene expression. This pattern of induction is consistent with that observed in human and rodent hepatocytes, where the presence of a dual doseresponse effect has been hypothesized. Low DEX concentration ¤100 nM¥ would increase NR1I2 and NR1I3 mRNAs through a NR3C1-mediated mechanism, while higher ones ¤h10 µM¥, would directly activate NR1I2. 46¥ Furthermore, 25 µM DEX induces NR1I2 in H4IIE cells, 47¥ while a wide range of glucocorticoid concentrations ¤including paraphysiological ones, h10 nM¥ have been shown to enhance the expression of both the NR2B1 gene and NR2B1 protein. 48¥ On the other hand, quite hard to explain is the absence of a modulator effect of PB upon NR1I3, also in light of data here obtained with CYP genes ¤common upregulation¥ and apoproteins ¤increasing amounts for CYP2C and 3A¥. Nonetheless, there is some experimental evidence that might justify present results. Species-differences in the ligand affinity and/or binding to NRs exist; this is of particular concern for NR1I2 and NR1I3, and it is still a subject of debate.
49,50¥ Phenobarbital, at concentrations of about 0.5 mM, deactivates NR1I3, while at higher ones ¤h1 mM¥ it does not bind to the receptor; furthermore, it has been hypothesized that PB might activate NR1I3 by an alternative mechanism ¤i.e., phosphorylation¥, without increasing its mRNA. 51¥ Finally, Bos taurus and Sus scrofa NR1I3 sequences are considered hortologues 49¥ and, interestingly, the in vivo challenge of cattle with PB-inducing dosages elicited an up-regulation of liver CYP2B22 but not of NR1I2 and NR1I3. 52¥ Undoubtedly, such an argument needs to be studied more in depth in forthcoming studies.
Cytochrome P450 induction has been extensively characterized in cryopreserved rat and human cells as well as in CPHs, although in these latter only at the post-translational level ¤protein and enzyme activity¥. In cryopreserved hepatocytes, PB is considered a prototypical inducer for human CYP2B6 and rat CYP2B1/2 1,27,53¥ ; furthermore, porcine CYP2B22 responsiveness has been demonstrated at the protein level.
4,15¥ In the present study, conflicting results were obtained: in fact, a CYP2B22 induction was noticed only at the mRNA level, while apoprotein amount and related catalytic activity ¤BROD¥ were never modulated by PB. Moreover, RIF did not affect CYP2B22 transcription, in contrast with in vivo data. 54¥ The cytochrome P450 2C mRNA was up-regulated by PB and, albeit not significantly, by DEX and RIF. The transcriptional pattern of response was paralleled at the protein and catalytic activity level, although the order of magnitude was ¤and not surprising at all¥ lower than that observed at the mRNA level. As a whole, these results agree with previously published ones. In fact, the exposure to PB and RIF has been shown to induce CYP2C mRNA and tolbutamide ¤a CYP2C substrate¥ hydroxylation in primary pig hepatocytes, 14¥ while 10 µM RIF increased CYP2C9 mRNA in cryopreserved human hepatocytes.
53¥
Whatös more, the in vivo administration of PB to pigs resulted in a CYP2C6 induction.
15¥
In the long-term stored CPHs, CYP3A expression ¤gene and protein as well¥ was significantly up-regulated by PB, DEX and RIF. The catalytic activity ¤ETDEM¥ confirmed the expression data. By contrast, and once again, PCN did not provoke effects upon CYP3A as a whole. This was not surprising, because comparative studies made on hepatocytes from different species revealed that some xenobiotics induce CYP3A in every species, while some other ones act in a more specific way ¤i.e., PCN induces rodent CYP3A, while RIF up-regulates this gene only in rabbits and humans. 55¥ The present findings are in line with those previously published either in cryopreserved hepatocytes or in primary cultures of pig hepatocytes. In fact, DEX and RIF induce CYP3A1/2 apoprotein and activity as well as CYP3A4 mRNA in rat 1,27¥ and human cryopreserved hepatocytes, 53¥ respectively. Moreover, CYP3A mRNA, apoprotein and catalytic activities were increased, in primary pig hepatocytes, following the exposure to PB, RIF and ¤albeit to a lower extent¥ DEX.
14,15¥
Collectively, the present results show that CPHs express NR ¤mRNA¥ and CYPs ¤mRNA, protein and catalytic activity¥ even after a long-term storage ¤about ten years¥ in liquid nitrogen. Despite the relatively high amounts of LDH release in cell medium, when compared to values usually found in primary hepatocytes, CPHs showed an unaltered capacity of attachment and formed confluent monolayers. Similar to former studies made in primary or cryopreserved hepatocytes obtained from different species ¤including the pig¥, a time-dependent down-regulation of CYPs mRNA and protein was observed, whereas NR gene expression data showed some differences in terms of response ¤crash and rise effect, up-regulation, no effect¥. When exposed to prototypical CYP3A inducers ¤RIF, PCN, DEX, PB¥, NR ¤essentially with DEX¥ and CYP gene expression profiles were up-regulated; furthermore, CYP modulation was confirmed at the post-translational level, although to a lower extent.
A final intriguing question is whether a comparison between metabolic capacity in fresh, short-and long-term CPHs is likely to be done. To the best of the authorsö knowledge, no data about NRs and DMEs expression and function in CPHs stored for several years have been published so far. A large number of studies refer to shorter times of cryopreservation; in particular, liver-specific functions have been shown to be maintained in CPHs stored from a few hours up to one week, 24,56®59¥ and from a few weeks up to several months, 24,56,60®63¥ as well as in human hepatocytes cryopreserved up to 4 years. 2,12¥ Concerning DMEs, the time of cryopreservation and free-thaw cycles ¤from 3 h up to 14 or 30 days¥ did not significantly affect CYP-dependent enzyme activities in CPHs. 24,56¥ In light of these experimental results, definitive conclusions cannot be drawn.
In conclusion, this study provides new data about NR gene expression in cryopreserved hepatocytes, representing one step forward in the knowledge about CYP expression and regulation phenomena as well as about the hepatocyte adaptation to the cell culture environment. Furthermore, it confirms that the gene expression profiling might represent an earlier and more sensitive method, compared to protein and catalytic activity assays, to detect a modulation of DME expression and function following a xenobiotic exposure. Finally, CPHs have been shown to be, even if stored for longer times than usual, a useful tool to study the expression and regulation of genes ¤DMEs, NRs¥ requiring a functional transcription factor machinery.
